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•  Characterization  of  corn  cob  was  compared  with  corn  stalk  and  sawdust. 
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•  The  weight  active  energy  of  corn  cob  was  lower  than  that  of  corn  stalk  and  sawdust. 
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In  this  study,  thermal  and  physicochemical  characterization  results  of  corncob  (CC)  and  its  derived 
biochars  were  analyzed  and  differentiated  from  sawdust  (SD)  and  cornstalk  (CS).  The  pyrolysis 
temperature  shows  the  largest  effect  on  the  yield  of  biochar  produced  compare  with  residing  time, 
heating  rate,  and  feedstock  particle  size.  The  CC-derived  biochars  produced  at  temperatures  ranging  from 
300  to  600  °C  were  analyzed.  The  CC  was  thermochemically  altered  to  a  stable  biochar  when  the  pyrolysis 
temperature  was  set  to  over  500  °C.  To  deduce  the  reaction  mechanism  of  the  CC  during  the  major 
thermal  decomposition  stage,  16  mechanisms  in  solid-state  reactions  were  applied.  The  reaction  order 
and  nucleation  mechanisms  described  the  thermal  decomposition  of  the  CC.  By  using  the  best-fitted 
mechanisms,  the  kinetic  parameters  were  calculated.  The  weight  active  energy  of  the  CC  was 
122.42  kj/mol,  which  was  the  lowest  value  compared  to  those  of  CS  and  SD. 

©  2014  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Corn  is  one  of  the  most  extensively  planted  crops  in  the  world. 
In  China  alone,  the  yield  of  corn  reached  2.06  x  108t  in  2012 
(China’s  National  Bureau  of  Statistics,  2013).  The  ratio  between 
corn  grain  and  corncob  (CC)  may  be  about  100:18  (Cao  et  al., 
2004),  so  approximately  3.7  x  107  t  of  CC  could  be  generated  in 
China  every  year.  Cornstalk  (CS)  is  usually  kept  on  farmlands  by 
corn  harvesters.  By  contrast,  the  CC  may  collected,  transported 
and  separated  together  with  the  corn  grain,  and  serve  as  a  raw 
material  in  making  low-grade  fuels  in  many  parts  of  the  world. 
Therefore,  proper  processing  and  utilization  of  CC  is  important  to 
yield  economically  important  products. 

Converting  biomass  via  pyrolysis  to  produce  quality  products 
has  become  significant  in  recent  years.  Pyrolysis,  one  of  the  most 
commonly  used  thermochemical  conversion  technologies,  involves 
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thermal  decomposition  of  organic  components  in  an  inert  atmo¬ 
sphere  at  medium  temperature  to  produce  condensable  and  non¬ 
condensable  components  (including  water,  bio  oil,  and  syngas)  of 
biochar  (Neves  et  al.,  2011).  Many  studies  are  focusing  on  gas 
and  liquid  products  that  can  be  produced  from  corn  residues 
through  pyrolysis.  These  products  are  considered  potential  renew¬ 
able  energy  sources,  and  the  typical  products  are  C02,  CO,  H20, 
CH4,  NH3  acids,  and  aldehydes  (CH3COOH  or  furaldehyde)  (Cao 
et  al.,  2004;  loannidou  et  al.,  2009).  Renewable  biomass,  such  as 
sawdust  (SD)  and  CS,  are  highly  recognized  as  valuable  feedstock 
for  biochar  production  due  to  their  rich  carbon  compositions 
(Jahirul  et  al.,  2012;  Kamarudin  et  al.,  2013;  Lv  et  al.,  2013).  Mean¬ 
while,  the  use  of  biochar  as  soil  improver  and  as  a  medium  in 
climate  change  mitigation  strategy  has  gained  much  attention 
because  biochar  can  be  readily  applied  in  soil  to  improve  its 
productivity  and  fertility,  can  be  used  in  carbon  storage  and 
sequestration,  and  can  filter  percolating  soil  water  and  its  dis¬ 
solved  pollutants  (Lehmann  and  Rondon,  2006;  Roberts  et  al., 
2010). 
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However,  studies  on  CC-derived  biochar  are  limited.  Yu  et  al. 
(Yu  et  al.,  2010)  discovered  that  microwave  pyrolysis  of  CC  leads 
to  a  stepwise  accumulation  of  inorganic  matter  on  exposed  sur¬ 
faces  and  some  dissolved  organic  matter,  resulting  in  the  formation 
of  cavities,  loannidou  et  al.  (loannidou  et  al.,  2008)  found  that 
when  CC  was  pyrolyzed  at  800  °C  for  1  h  and  underwent  physical 
activation  with  steam  at  800  °C  for  15  min,  the  carbon  products 
had  the  highest  BET  surface  areas.  The  parameters  of  pyrolysis, 
such  as  temperature,  residence  time,  heating  rate,  and  feedstock 
particle  size,  can  affect  the  quality  and  quantity  of  the  produced 
biochar,  and  consequently,  its  interactions  with  the  environment 
through  application  (Lehmann  and  Joseph,  2009). 

Research  on  CC  pyrolysis  kinetics  is  limited.  The  function  of  the 
kinetic  mechanism  is  a  temperature-independent  conversion  that 
represents  the  reaction  model,  which  depends  on  the  actual  kinetic 
mechanism.  Notably,  the  application  of  first-order  reaction  models 
in  biomass  pyrolysis  kinetics  has  become  almost  formulaic,  and  its 
indiscriminate  acceptance  has  occurred  without  rigorous  verifica¬ 
tion  or  sufficient  awareness  of  its  fundamental  limitations  (White 
et  al.,  2011;  Xie  et  al.,  2013).  The  imposition  of  an  order-based 
model  on  a  solid-state  reaction  system  can  cause  a  substantial 
divergence  in  the  Arrhenius  parameters  (i.e„  activation  energies 
and  pre-exponential  factors).  Inability  to  predict  the  kinetic  behav¬ 
ior  of  biomass  under  different  process  conditions  has  vexed 
researchers  and  encouraged  some  of  them  to  develop  multiple- 
step  models  (White  et  al.,  2011). 

Given  these  reasons,  this  research  was  conducted  to  investigate 
the  potential  of  CC  as  biochar  feedstock.  The  effect  of  pyrolysis 
temperature,  heating  rate,  residence  time,  and  feedstock  particle 
size  in  pyrolysis  process  to  produce  CC  biochar  products  were  stud¬ 
ied.  The  characteristics  of  CC-derived  biochars  produced  from  300 
to  600  °C  were  analyzed.  Meanwhile,  16  reaction  mechanisms  in 
solid-state  reactions  were  applied,  and  the  kinetic  parameters 
were  obtained.  The  physicochemical  and  thermochemical  charac¬ 
teristics  of  CC,  CS,  and  SD  were  analyzed  and  compared. 

2.  Methods 

2.1.  Biomass  samples  and  their  biochars 

In  this  research,  CC  was  chosen  as  feedstock.  CS  and  SD  were 
also  analyzed  for  comparison.  These  biomasses  were  collected  in 
a  rural  area  in  Henan  Province  of  the  middle  eastern  part  of  China. 
The  feedstock  were  air  dried  and  stored  in  sealed  containers. 

The  lab-scale  fixed  bed  reactor  was  used  for  slow  pyrolysis. 
Pyrolysis  was  carried  out  in  a  reactor  consisting  of  a  quartz  tube 
measuring  120  cm  in  length  and  8  cm  in  diameter.  The  reactor 
was  placed  in  an  electrically  heated  horizontal  oven.  The  sample 
was  placed  into  a  quartz  holder,  and  then  housed  at  the  center  of 
the  tubular  reactor.  The  sweep  gas  from  a  nitrogen  cylinder  at  con¬ 
stant  flow  rate  of  500  ml/min  was  precisely  metered  to  the  exper¬ 
imental  system  using  a  mass  flow  controller.  In  each  test,  50  g 
sample  was  heated  at  room  temperature  to  the  setting  tempera¬ 
ture  at  a  heating  rate  of  5,  10,  15  °C/min.  The  setting  temperature 
was  maintained  for  40,  60,  or  80  min  to  achieve  a  complete  pyro¬ 
lysis  process.  By  the  time  the  reactor  has  cooled  down,  the  biochar 
was  collected  from  the  tube. 

2.2.  Analysis  of  biomass  and  biochar 

The  moisture  content  of  the  feedstock  was  estimated  by  mea¬ 
suring  the  weight  loss  after  drying  the  fresh  samples  at  105  °C 
for  24  h.  Ash  contents  were  determined  by  the  mass  loss  after 
burning  the  dried  samples  in  a  muffle  furnace  at  550  °C  for  3  h. 
The  volatile  matter  (VM)  contents  were  determined  based  on  the 


mass  loss  after  heating  the  samples  at  800  °C  with  the  use  of  nitro¬ 
gen  for  20  min.  The  fixed  carbon  (FC)  contents  were  calculated 
using  the  difference  between  the  dry  matter  and  the  sum  of  the 
ash  contents  plus  the  VM  contents  (Azuara  et  al.,  2013). 

The  elemental  compositions  (i.e„  carbon,  hydrogen,  nitrogen, 
and  sulfur)  of  the  feedstock  and  produced  biochars  were  deter¬ 
mined  using  an  elemental  analyzer  (Elementar,  Germany).  The 
oxygen  value  was  calculated  based  on  the  result  of  the  summation 
of  the  percentage  of  carbon,  hydrogen,  nitrogen,  and  sulfur  sub¬ 
tracted  from  100  (Ro  et  al.,  2010). 

The  pH  of  each  sample  was  determined  from  a  mixture  of  2  g  of 
sample  and  10  mL  of  deionized  water  following  a  1  h  equilibrium 
period. 

The  surface  chemistry  of  the  biochar  was  provided  by  a  Nexus 
670  Fourier  transform  infrared  spectroscopy  (FT1R)  spectropho¬ 
tometer  (Thermo  Nicolet  Corporation,  USA).  The  spectrum  scope 
was  recorded  from  4000  to  400  cirr1  with  a  resolution  of  4  cm1. 

The  BET  surface  area,  which  is  a  relative  indicator  of  porosity  in 
activated  carbon,  was  determined  using  NOVA  4200e  (Quanta- 
chrome,  United  States).  All  the  resulting  biochar  samples  were 
ground  to  pass  through  a  100-mesh  sieve  and  degassed  at  200  °C 
for  5  h  to  a  residual  pressure  of  approximately  10  mPa.  Nitrogen 
(molecular  cross-section  of  0.162  nm2)  of  99.9%  purity  was  used 
as  adsorptive  medium  at  77  K.  The  micropore  surface  area  was 
obtained  from  t-plot  method. 

The  dried  samples  with  average  sample  size  of  10-30  mg  were 
subjected  to  pyrolysis  using  Mettler-Toledo  apparatus  (United 
States),  where  the  mass  loss  (thermogravimetry,  TG)  and  mass  loss 
rate  (thermogravimetry  derivative,  DTG)  were  recorded  simulta¬ 
neously.  All  the  samples  were  placed  in  an  aluminum  oxide 
(A1203)  crucible  with  a  lid  and  pyrolyzed  using  N2  carrier  gas  at  a 
flow  rate  of  20  mL/min  at  room  temperature  to  800  °C  with  a  heat¬ 
ing  rate  of  10  °C/min. 

Van  Soest  analysis  was  carried  out  for  raw  fiber  determination. 
The  amounts  of  neutral  detergent  fiber  (NDF),  acid  detergent  fiber 
(ADF),  acid  detergent  lignin  (ADL),  and  ash  contents  were  deter¬ 
mined  during  sequential  extraction  in  the  ANKOM  220  fiber 
analyzer.  The  approximate  contents  of  neutral  detergent  solubles 
(NDS),  hemicellulose,  cellulose,  and  lignin  fractions  were  then  cal¬ 
culated  as  the  difference  between  starting  weight  and  NDF,  ADF 
and  NDF,  ADL  and  ADF,  and  ash  and  ADL,  respectively. 

To  remove  the  effect  of  moisture  and  ash,  the  biochar  yields 
were  expressed  into  a  dry  ash  free  (daf)  basis  as  follows: 

y biochar,  daf  (Wt.%)  =  1 00  X  (  Y biochar  —  A)/(l  00  -  M  -  A) 

Vbiochar.ad  ( Wt.%)  =  1  00  X 

biomass 

where  Mb ioChar  (wt.%)  represents  the  weight  of  biochar,  Ybi0char,  ad 
(wt.%)  represents  the  air-dried  basis  yields  of  biochar,  and  M 
and  A  (wt.%)  are  the  moisture  and  ash  contents  of  biomass, 
respectively. 

2.3.  Kinetic  parameters  of  thermal  degradation 

The  pyrolytic  process  of  biomass  could  be  represented  by  the 
following  reaction  scheme: 

A(biomass)  — >  B(biochar)  +  C(gas)  (1) 

The  pyrolysis  rate  is  defined  as  the  equation  of  an  Arrhenius 
type  kinetic  model  as  follows: 

§  =  k(T)f(a )  (2) 

The  advancement  degree  of  reaction  a  could  be  derived  from 
the  TG  curves 
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a  =  m°~m  Xl00%  (3) 

m0-m „ 

where  m0  represents  the  initial  weight  of  the  sample,  m „  is  the  end¬ 
ing  weight,  and  m  is  the  remaining  sample  weight  at  time  (t). 

The  rate  constant  k  ( T)  is  generally  defined  by  the  Arrhenius 
equation  as  follows: 

k(T)=Aex  p(~^j  (4) 

where  E  is  the  activation  energy  in  J  mol-1,  R  is  the  gas  constant  in 
J  l<  1  mol-1,  A  is  the  pre-exponential  factor  in  s-1,  and  T  is  the  reac¬ 
tion  temperature. 

The  combination  of  Eqs.  (2)  and  (4)  produces  the  following 
relationship: 

|  =  Aexp(-A)/(a)  (5) 


For  a  dynamic  TG  process,  the  heating  rate  /?  is  as  follows: 


(6) 


Introducing  heating  rate  fl  to  Eq.  (5)  results  in  the  following: 


da 

dT 


(7) 


Eqs.  (5)  and  (7)  are  the  fundamental  expressions  of  analytic 
methods  to  calculate  the  kinetic  parameters  based  on  TG  data. 
Eq.  (7)  can  be  written  in  the  following  form: 


1 

/(a) 


da 


(8) 


Eq.  (8)  defines  G( a)  as 

C(a)=//iyda  =  /^exp(-A)dr  (9) 


As  one  of  the  most  popular  iso-conversional  approaches,  Coats- 
Redfern  approximation  (Gaia  et  al.,  2013)  was  employed  in  this 
study,  expressed  as 


By  introducing  Eq.  (10)  to  Eq.  (9),  the  reaction  rate  can  be  writ¬ 
ten  in  the  following  form: 


In 


[G(a)l 

—  In 

AR 

f  2  RTY 

T1 

[PE 

V  E  )\ 

(11) 


In  the  temperature  range  of  most  thermal  chemical  reactions, 
2 RT  is  believed  to  be  lesser  than  the  majority  of  E  (e.g.,  60- 

300  kj  mol-1).  Therefore,  In  j^jf(l  -^F)J  could  be  constant  when 
the  heat  rate  p  is  fixed.  Hence,  the  kinetic  of  the  biomass  pyrolysis 
reaction  can  be  tested  with  different  G(a)  through  a  linear 
correlation. 

Meanwhile,  in  case  of  a  zero-order  reaction,  In  Qi)  and  1/T 

demonstrate  a  linear  relationship.  Thus,  activation  energy  (E)  and 
frequency  factor  (A)  can  be  determined  from  the  slope  and  inter¬ 
cept  of  the  straight  line. 

To  achieve  a  comprehensive  assessment  of  the  apparent  activa¬ 
tion  energy  of  the  entire  pyrolysis  process  for  multi-step  reactions, 
weighted  apparent  activation  energy  could  be  defined  as 


,  £(£„  x  en) 

E=^eT~ 


(12) 


where  En  and  0n  are  the  apparent  activation  energy  and  mass  loss 
rate  in  every  stage,  respectively. 


3.  Results  and  discussion 

3.J.  Biomass  characterization 

Table  1  shows  the  comparison  of  the  characteristics  of  air-dried 
samples.  The  proximate  analysis  results  show  that  all  three  sam¬ 
ples  had  high  content  of  VM.  The  VM  of  CC  was  69.5%,  which  is 
lower  than  that  of  SD  (75.5%)  but  higher  than  that  of  CS  (65.3%). 
VM  exhibited  the  main  mass  loss  in  the  pyrolysis  process.  The  sam¬ 
ples  exhibited  large  variations  in  ash  content.  CC  samples  con¬ 
tained  higher  ash  content  (2.9%)  than  SD  (1.2%)  but  much  lower 
content  than  CS  (11.7%).  The  ash  content  was  mainly  formed  from 
soil  and  sand,  which  were  mixed  with  biomass  samples  during  the 
sample  collection.  The  FC  of  CC  (15.9%)  was  very  close  to  that  of  CS 
(15.6%)  but  lower  than  that  of  SD  (18.5%).  Regardless  of  the  ash  and 
moisture  contents,  the  VM/FC  ratio  showed  that  the  VM  in  CC  was 
higher  than  those  of  CS  and  SD,  indicating  that  CC  biochar  yield 
may  be  lower  than  the  other  two  samples  (Lee  et  al.,  2013). 

Hemicellulose,  cellulose,  and  lignin  were  the  three  main  com¬ 
ponents  of  the  used  samples,  although  differences  in  their  form 
rates  were  noted.  The  hemicelluloses  in  CC  were  about  1.4-  and 
1.8-fold  those  of  CS  and  SD,  whereas  lignin  was  around  0.9-  and 
0.7-fold.  These  results  may  be  related  to  the  different  components 
of  plant  residues.  CCs  are  like  seeds  and  fruits,  which  are  composed 
of  higher  proteins,  fats,  and  dietary  fibers,  among  others.  By  con¬ 
trast,  SD  and  CS  serve  as  the  plant  body  containing  more  cellulose 
and  lignin  for  structural  support.  Moreover,  the  neutral  detergent 
solution  content  in  CC  was  about  twice  those  of  SD  and  CS  samples. 
This  result  also  confirms  the  high  protein  and  fat  content  of  CCs. 

3.2.  The  effect  of  the  parameters  of  pyrolytic  process  on  biochar  yield 

Taguchi  method  was  used  to  analyze  the  effect  of  the  parame¬ 
ters  of  the  pyrolysis  process  on  the  biochar  yield.  The  Taguchi 
method  was  developed  to  improve  the  implementation  of  total 
quality  control.  The  effect  of  the  factors  on  the  properties  and  opti¬ 
mal  conditions  of  factors  can  be  determined  using  the  Taguchi 
design.  Determining  the  key  factors  and  the  optimal  conditions 
based  on  the  measured  values  of  the  characteristic  properties  is 
feasible  (Wu  et  al.,  2012).  In  this  study,  the  biochar  yield  was 
selected  because  it  results  from  the  joint  effects  of  temperature, 
heating  rate,  residence  time,  and  feedstock  particle  size.  The 
L9(34)  table  was  used,  and  the  parameters  of  the  pyrolysis  process 
are  listed  in  Table  2. 

The  dependences  of  the  yields  of  CC-derived  biochars  on  the 
process  parameters  show  that  the  difference  between  maximum 


Table  1 

Characterization  of  biomass  samples. 


Plant  residue 

CC 

CS 

SD 

Proximate  analysis  (wt.%) 

Moisture 

11.7 

8.4 

9.9 

VM 

69.5 

65.3 

70.4 

Ash 

2.9 

11.7 

1.2 

FC 

15.9 

15.6 

18.5 

VM/FC 

4.36 

4.18 

3.81 

Ultimate  analysis  (wt.%) 

C% 

48.12 

46.21 

48.37 

H% 

6.48 

6.01 

4.98 

0% 

43.51 

45.87 

46.27 

N% 

1.89 

1.91 

0.38 

H/C 

1.43 

1.56 

1.24 

O/C 

0.64 

0.74 

0.72 

pH 

6.4 

7.1 

7.2 

Neutral  detergent  solution%a 

9.5 

5.5 

4.1 

Hemicelluloses%a 

39.3 

28.1 

22.3 

Cellulose%J 

28.7 

34.2 

43.7 

Lignin%a 

19.6 

21.7 

28.8 

a  Dry  ash  free  basis. 
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Table  2 

The  parameters  of  the  pyrolysis  process  and  CC-derived  biochars  yields. 


No. 

Pyrolysis  temperature 

Heating  rate 

Residence  time 

Feedstock  particle  size 

1 

(1)400  °C 

(1)15  °C/min 

(1)  30  min 

(1)  2-4  mm 

2 

(1)400  °C 

(2)  10  °C/min 

(2)  60  min 

(2)  1-2  mm 

3 

(1)400  °C 

(3)  5  °C/min 

(3)  90  min 

(3)<1  mm 

4 

(2)  500  °C 

(1)15  °C/min 

(2)  60  min 

(3)<1  mm 

5 

(2)  500  °C 

(2)  10  °C/min 

(3)  90  min 

(1)  2-4  mm 

6 

(2)  500  °C 

(3)  5  °C/min 

(1)  30  min 

(2)  1-2  mm 

7 

(3)  600  °C 

(1)15  °C/min 

(3)  90  min 

(2)  1-2  mm 

8 

(3)  600  °C 

(2)  10  °C/min 

(1)  30  min 

(3)<1  mm 

9 

(3)  600  °C 

(3)  5  °C/min 

(2)  60  min 

(1)  2-4  mm 

Level  1 

30.80%  ±  2.90% 

26.60%  ±6.15% 

26.77%  ±6.14% 

26.27%  ±  6.45% 

Level  2 

23.57%  ±0.91% 

25.23%  ±  4.84% 

25.40%  ±  4.70% 

26.10%  ±4.16% 

Level  3 

22.37%  ±  0.47% 

24.90%  ±  2.86% 

24.57%  ±  2.89% 

24.37%  ±3.12% 

R 

8.43% 

1.70% 

2.20% 

1.90% 

and  minimum  values  of  the  equal  biochar  yields  ( R )  affected  by  the 
pyrolysis  temperature  was  8.43%,  a  value  that  is  bigger  than  the 
residence  time  (2.20%),  feedstock  particle  size  (1.90%),  and  heating 
rate  (1.70%).  Higher  reaction  temperature  led  to  lower  biochar 
yield,  which  was  due  to  a  more  thorough  decomposition  of  organic 
components  at  higher  temperature.  This  study  suggests  that  pyro¬ 
lysis  temperature  has  the  largest  effect  on  the  quality  of  biochar 
produced.  Evidence  shows  that  pyrolysis  temperature  may  have 
a  significant  effect  on  biochar  yield,  pH,  BET  surface  area,  and  car¬ 
bon  content  (Agarwal  et  al.,  2013;  Lehmann  and  Joseph,  2009; 
Wang  et  al.,  2013;  Zhao  et  al„  2013a, b). 

Compared  with  the  pyrolysis  temperature,  the  heating  rate, 
residence  time,  and  particle  size  did  not  substantially  affect  the 
biochar  yield.  However,  the  biochar  yield  produced  at  higher  heat¬ 
ing  rate,  shorter  residence  time,  and  bigger  feedstock  particle  size 
were  affected  by  the  other  three  parameters  at  a  more  significant 
degree  than  the  ones  produced  at  a  lower  heating  rate,  longer  res¬ 
idence  time,  and  smaller  feedstock  particle  size.  For  example,  the 
standard  deviation  of  the  CC-biochar  yield  with  a  higher  heating 
rate  (15  °C/min)  is  as  high  as  6.15%,  which  is  2.15  times  of  that 
of  lower  heating  rate  (5  °C/min),  the  corresponding  values  of  resi¬ 
dence  time  and  feedstock  particle  size  are  2.13  and  2.07  times 
respectively.  These  results  indicate  that  these  parameters  have 
an  obvious  influence  on  heat-transfer  during  the  pyrolysis  process 
(Agarwal  et  al.,  2013;  Ozyurtkan  et  al.,  2008).  Furthermore,  a  pro¬ 
cess  with  higher  heating  rate,  shorter  residence  time,  and  bigger 
feedstock  particle  size  was  adverse  to  heat  transfer  during  the 
pyrolysis  process. 

3.3.  Characteristics  of  biochar  produced  at  different  temperatures 

To  evaluate  the  characteristics  of  the  biochar  produced  at 
different  temperatures,  the  CC-derived  biochars  were  produced 
at  pyrolysis  temperatures  of  300,  400,  500,  and  600  °C,  which  were 
thereafter  designated  as  CC300,  CC400,  CC500,  and  CC600.  The 
pyrolysis  temperature  of  500  °C  was  selected  as  a  baseline  to 
differentiate  the  biochar  properties  exhibited  by  CCs,  CSs,  and 
SDs,  which  were  designated  as  CC500,  CS500,  and  SD500,  respec¬ 
tively.  The  reason  for  selecting  500  °C  for  CS-  and  SD-derived 
biochars  was  that  the  key  properties  of  the  CS-derived  biochars, 
such  as  pore  structures  and  surface  areas,  were  sufficiently  devel¬ 
oped  at  around  500  °C  by  complete  thermal  decomposition  of  cel¬ 
lulose  and  hemicellulose  (Ioannidou  et  al.,  2009;  Lv  et  al.,  2013). 
Meanwhile,  the  use  of  soil  in  growing  corns  in  pots  was  effectively 
achieved  by  the  biochar  produced  at  500  °C,  although  the  effects  of 
the  different  feedstock  were  more  significant  (Rajkovich  et  al., 
2012).  Several  researchers  have  suggested  that  the  reaction  time 
should  be  set  to  60  min  for  lignocellulosic-based  feedstock 
(Ioannidou  et  al.,  2009;  Lehmann  and  Joseph,  2009;  Stratford 
et  al.,  2014).  Table  3  lists  the  properties  of  biochar  produced  at 


different  temperatures  and  different  feedstock  using  the  aforemen¬ 
tioned  reactor. 

From  the  proximate  analysis,  FC  and  ash  contents  of  CC-derived 
biochars  increased  with  pyrolytic  temperature,  whereas  VM  con¬ 
tent  significantly  reduced  from  CC300  (43.6%)  to  CC500  (8.6%), 
and  then  dropped  slightly  to  CC600  (7.2%).  Meanwhile,  the  VM/ 
FC  ratio  decreased  significantly  with  an  increase  in  temperature 
from  300  to  500  °C,  but  with  a  slight  decline  from  500  to  600  °C. 
These  results  corresponded  to  the  main  mass  loss  stage  in  the 
pyrolysis  process. 

The  C,  H,  and  O  compositions  of  the  samples  and  biochars  were 
compared  on  a  van  Krevelen  diagram,  as  shown  in  Fig.  1 .  Given  the 
dissimilar  O  and  H  losses,  atomic  ratios  varied  as  a  function  of  feed¬ 
stock  type  and  pyrolysis  temperature,  where  all  molar  ratios  dem¬ 
onstrated  a  decreasing  trend  with  increasing  pyrolysis  temperature 
(Cantrell  et  al.,  2012).  These  trends  were  attributed  to  (1)  removal 
of  polar  surface  functional  groups  and  (2)  instances  of  higher  degree 
of  carbonization  resulting  in  the  formation  of  more  aromatic  struc¬ 
tures  that  are  more  stable  (Lehmann  and  Joseph,  2009). 

The  H/C  ratios  changed  substantially  with  thermochemical 
treatment  (Keiluweit  et  al.,  2010).  The  H/C  upper  limit  of  0.7  was 
used  to  distinguish  biochars  from  biomass  that  have  not  been 
thermochemically  altered  from  those  that  have  been  changed 
(International  Biochar  Initiative,  2012).  In  this  study,  the  H/C  ratios 
of  all  the  three  feedstock  and  CC300  were  higher  than  0.7,  demon¬ 
strating  that  the  pyrolysis  time  chosen  in  this  study  for  biochar 
production  was  long  enough  to  finish  the  thermochemical  reaction. 
By  contrast,  the  O/C  ratios  showed  good  correlation  with  the 
stability  of  biochars  (Spokas,  2010).  The  O/C  ratios  of  CC-derived 
biochars  changed  slightly  when  the  pyrolysis  temperature  was 
higher  than  500  °C,  indicating  that  CC500  and  CC600  have  higher 
thermostability  than  CC300  and  CC400.  In  addition,  the  H/C  and 
O/C  ratios  of  SD-derived  biochars  were  lower  than  those  of 
CC-  and  CS-derived  biochars.  These  results  demonstrated  that  SD 
samples  had  higher  lignin  content  than  CC  and  CS  samples. 

The  major  absorption  bands  representing  the  typical  structure 
of  CC-derived  biochars  were  discern  from  the  FTIR  spectra.  The 
characteristic  bands  located  in  1429,  1464,  1509,  and  1601  cnr1 
indicate  the  existence  of  aromatic  rings.  The  C— H  bonds  in 
CC300  and  CC400  became  weak  in  CC500  and  almost  disappeared 
in  CC600.  Moreover,  the  appearance  of  a  carbonyl  group  between 
1660  and  1675  cnr1  indicated  that  the  C=0  bond  was  in  conjuga¬ 
tion  with  the  aromatic  rings  (Zhu  et  al.,  2005).  The  absorption  at 
2927-2856  cnr1  corresponded  to  the  C— H  vibration  of  aliphatic 
carbons,  and  the  absorption  at  1437  cnr1  corresponded  to  the 
COOH  bond  (Wolbach  and  Anders,  1989),  which  almost  disap¬ 
peared  in  CC600.  The  O— H  stretching  in  methyl  groups  was 
reflected  in  the  band  at  3408  cnr1  for  each  biochar  sample. 

The  pH  of  CC-derived  biochars  increased  with  pyrolysis  temper¬ 
ature,  which  tended  to  be  more  highly  alkaline  (pH  8.1-10.4) 
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Table  3 

Summary  of  biochar  properties. 


Biochar 

CC300 

CC400 

CC500 

CC600 

CS500 

SD500 

Proximate  analysis  (wt.%) 

Moisture 

2.4 

2.1 

1.6 

1.7 

1.8 

1.2 

VM 

43.6 

20.8 

8.6 

7.2 

8.9 

13.1 

FC 

49.1 

71.7 

81.6 

82.4 

76.6 

80.6 

Ash 

4.9 

5.4 

8.2 

8.7 

12.7 

5.1 

VM/FC 

0.89 

0.29 

0.11 

0.09 

0.12 

0.16 

Ultimate  analysis  (wt.%) 

C  % 

67.21 

79.65 

83.27 

84.31 

77.34 

87.61 

H% 

4.49 

3.96 

3.33 

2.41 

2.64 

2.15 

0% 

27.63 

15.72 

12.62 

12.52 

17.23 

9.31 

N% 

0.67 

0.67 

0.78 

0.76 

2.79 

0.93 

o/c 

0.31 

0.15 

0.11 

0.11 

0.17 

0.08 

H/C 

0.8 

0.6 

0.48 

0.34 

0.41 

0.29 

pH 

8.1 

9.1 

9.3 

10.4 

10.1 

9.5 

Biochar  yield  (%) 

77.3 

36.9 

23.3 

21.7 

30.9 

22.6 

BET  (m2/g) 

61.8 

180.1 

212.6 

192.9 

201.3 

243.1 

1.6 


1.2 


O 

X 


0.4  - 


A  plant  residue 
^  biochar 


CC  600 

A* 

SD  500 


0.0 


0.2 


0.4 


0.6 


o/c 


0.8 


1.0 


Fig.  1.  H/C  and  O/C  ratios  for  biomass  and  biochars  (van  Krevelen  diagram). 

compared  with  the  feedstock.  The  alkalinity  of  biochar  was  influ¬ 
enced  by  organic  functional  groups  and  inorganic  alkali.  The  con¬ 
tribution  of  organic  functional  groups  such  as  — COOH  and  —OH 
decreased  with  increasing  pyrolysis  temperature  with  the  progress 
of  thermal  decomposition,  whereas  the  contribution  of  inorganic 
alkali  such  as  Na  and  1<  became  significant  at  a  temperature  higher 
than  500  °C  (Lee  et  al.,  2013).  CC500  had  a  lower  pH  compared 
with  CS500.  Low  concentrations  of  ash  exhibited  by  lesser  alkali 
and  alkali-earth  elements  (Na,  K,  Ca,  and  Mg)  could  be  the  main 
reason  for  the  stated  results. 

The  BET  surface  area  of  CC-derived  biochars  increased  signifi¬ 
cantly  with  increase  in  temperature  from  300  to  500  °C,  but 
slightly  decreased  at  600  °C.  This  finding  can  be  attributed  to  poly¬ 
merization  reaction,  which  showed  that  microporous  pores  were 
destroyed  in  the  resulting  biochars  (Neves  et  al.,  201 1 ).  By  contrast, 
the  BET  surface  area  of  CC500  was  lower  than  that  of  SD500  but 
higher  than  that  of  CS500.  Higher  surface  areas  of  SD  biochars  have 
been  reported  previously,  and  the  high  ash  content  in  CS  may  affect 
the  formation  of  microporous  structure. 


3.4.  TG-DTG  curves 


CS-derived  samples  (~285  °C).  The  reason  for  this  result  may  be 
the  fact  that  hemicellulose,  cellulose,  and  lignin  are  the  main  poly¬ 
mer  constituents  of  all  the  samples,  but  their  chemical  structures 
and  corresponding  thermal  stabilities  are  different.  Additionally, 
compositions  proportions  varied  widely  between  biomass  types 
and  parts. 

Based  on  the  DTG  curves,  the  pyrolysis  process  could  be  divided 
into  three  stages.  The  first  stage  (drying  stage)  with  a  slight  mass 
loss  of  about  10%  took  place  from  50  to  150  °C,  which  conformed 
to  the  extraction  of  moisture  in  the  biomass  samples.  The  second 
stage  (pyrolytic  decomposition  stage)  was  aligned  with  the  main 
part  of  mass  loss.  The  mass  loss  ranges  of  the  studied  samples  were 
within  the  temperature  range  200-500  °C.  Within  this  range,  a 
pyrolytic  thermal  decomposition  of  cellulose  and  hemicellulose 
took  place  in  the  reactor.  The  primary  volatiles  produced  from 
the  thermal  scission  of  chemical  bonds  comprised  noncondensable 
gases  (e.g.,  C02,  CO,  and  CH4)  and  condensable  gases  at  ambient 
conditions  (several  organic  compounds  and  water)  (Neves  et  al., 
2011).  The  third  stage  (carbonization  stage)  was  due  to  the  con¬ 
densation  reaction  and  further  thermal  decomposition  of  solid  res¬ 
idues  like  chars  and  inorganic  matter. 

The  pyrolytic  decomposition  stage  was  the  main  mass  loss  stage, 
where  over  80%  mass  loss  took  place.  Two  reactions  indicated  two 
major  decomposition  mechanisms.  The  low-temperature  stage  of 
decomposition  showed  rapid  mass  decrease  because  of  the  volatil¬ 
ization  of  easy  pyrolysis  materials,  whereas  the  high-temperature 
stage  became  slow  in  mass  reduction  due  to  the  decomposition  of 
lignin  and  intermediate  products  (Lv  et  al.,  2010).  Several  organic 
compounds,  such  as  cellulose  and  hemicellulose,  decomposed  at 
temperatures  lower  than  400  °C,  most  of  which  were  translated 
into  light-molecular  weight  compounds  released  as  pyrolytic 
vapors  (Xie  et  al.,  2013).  Moreover,  the  ash  content  in  CS-derived 
samples  was  higher  than  those  in  CC-  and  SD-derived  samples. 
The  ash  content  was  mainly  formed  by  inorganic  matter  such  as  sil¬ 
icate,  calcium  carbonate,  and  potassium  salts.  A  previous  report  has 
stated  that  mineral  elements  such  as  potassium  salts  had  effects  on 
the  reduction  of  pyrolytic  temperature  (Liu  et  al.,  2008;  Zhao  et  al., 
2013a, b).  Furthermore,  the  TG/DTG  results  clearly  show  that  the 
pyrolysis  temperature  of  500  °C,  which  was  chosen  in  this  study 
for  biochar  production,  was  high  enough  for  differentiating  the  rep¬ 
resentative  properties  among  the  biochar  samples. 


The  TG  results  show  that  the  biomasses  possessed  different 
pyrolysis  characteristics,  but  the  main  mass  loss  ranges  of  their 
pyrolysis  reactions  were  relatively  low  (about  200-500  °C).  The 
mass  loss  temperature  for  CC-derived  samples  (~445  °C)  may  be 
lower  than  those  of  the  CS-  (~500  °C)  and  SD-derived  samples 
(~700  °C).  The  maximum  weight  loss  rate  temperature  of  the  SD- 
derived  sample  (~325  °C)  was  higher  than  those  of  the  CC-  and 


3.5.  Kinetic  parameters  of  thermal  degradation 

As  the  CC  pyrolysis  process  showed  two  stages  of  significant 
mass  losses,  the  pyrolysis  process  could  be  divided  into  two  stages 
in  this  study:  the  low-temperature  stage  (203-325  °C)and  the 
high-temperature  stage  (325-457  °C).  The  expressions  for  the 
most  common  reaction  mechanisms  in  solid-state  reactions  (Gaia 
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et  al.,  2013;  Ozyurtkan  et  al.,  2008;  White  et  al.,  201 1)  are  shown  in 
Table  4.  Adopting  the  mentioned  method,  the  linear  regression  rate 
(r2)  of  CC  pyrolysis  is  listed  in  Table  4  and  the  fit  curves  are  shown 
in  Fig.  2.  The  calculated  apparent  activation  energy  and  weighted 
activation  energy  based  on  the  fittest  solid-state  reaction  are  listed 
in  Table  5. 

Based  on  the  results  in  Table  4,  the  reaction  order  and  nucle- 
ation  mechanisms  described  the  thermal  decomposition  of  CC  well 
because  the  correlation  coefficients  (i^s)  in  both  stages  were  higher 
than  the  other  values  obtained  from  mampel,  contracting  geome¬ 
try,  and  diffusional  mechanisms.  Meanwhile,  the  high  value  of  r2 
from  the  linear  regression  analysis  confirmed  that  the  CC  pyrolysis 
process  was  a  thermochemical  reaction  with  different  stages. 

Among  the  three  models  of  reaction  order,  the  second  order 
model  (F2,  r2  =  0.9977,  the  line  in  Fig.  2a)  is  the  most  probable 
mechanism  for  the  low-temperature  stage  of  CC  pyrolysis  because 
it  has  the  best  fitting  accuracy.  A  similar  conclusion  was  obtained 
from  a  previous  research  (Gaia  et  al.,  2013)  that  suggested  that 
the  F2  model  was  the  most  probable  mechanism  function  for  the 
thermal  decomposition  of  Spirulina  platensis.  The  heat-  and  mass- 
transfer  limitations  may  be  the  reasons  for  the  stated  phenome¬ 
non.  Among  the  four  models  of  nucleation,  the  Avrami-Erofeev 
model  (A4,  1^  =  0.9712,  the  line  in  Fig.  2b)  is  the  most  probable 
mechanism  for  the  high-temperature  stage  of  CC  pyrolysis.  This 
finding  means  that  the  mechanisms  of  the  high-temperature  stage 
are  random  nucleation  and  nuclei  growth.  This  conclusion  also 
indicates  that  the  carbonaceous  content  that  formed  in  the  low- 
temperature  stage  and  the  inorganic  salt  residue  can  induce  the 
heterogeneous  nucleation  of  the  VM  (Wang  et  al.,  2006). 

Based  on  the  above-mentioned  mechanisms,  the  kinetic  param¬ 
eters  for  CC  pyrolysis  are  shown  in  Table  5.  The  results  show  that 
the  E  of  CC  was  lower  than  those  of  CS  and  SD.  E  represents  the 
minimum  energy  required  to  start  a  reaction.  This  study  suggests 
that  the  CC  pyrolysis  process  requires  less  energy  than  the  other 
two  plant  residues,  and  works  best  for  thermal  treatment.  The 
results  revealed  that  CC  contains  more  fats,  proteins,  and  sugars 
than  CS  and  SD,  which  are  easier  to  decompose  thermally  com¬ 
pared  with  lignocellulose.  Although  the  compositions  of  CC  and 
CS  were  different,  their  Es  shared  some  similarities  to  some  extent, 


m 


(a)  Jit  curve  of  CC  Jirst  pyrolysis  stage 


(b)  fit  curve  of  CC  second  pyrolysis  stage 


Fig.  2.  Fit  curve  of  CC  pyrolysis  process  with  different  reaction  mechanisms. 


Table  4 

Expressions  for  the  most  common  reaction  mechanisms  in  solid-state  reactions  and  the  linear  regression  rate  of  CC  pyrolysis  process. 


Symbol 

Reaction  mechanisms 

m 

C(«) 

r2  a 

1  low 

r2  b 
'high 

Reaction  order 

F0 

Zero-order 

1 

a 

0.8507 

0.8726 

FI 

First-order 

1  -  a 

-In  (1  -  a) 

0.9448 

0.9619 

F2 

Second-order 

(1  -  a)2 

(l-ar’-l 

0.9977 

0.8348 

Mampel 

P(2/3) 

Power  law 

2/30T1'2 

a3'2 

0.8402 

0.8665 

P2 

Power  law 

2a1'2 

a1'2 

0.8767 

0.8886 

P3 

Power  law 

3a2'3 

a1'3 

0.8963 

0.9019 

P4 

Power  law 

4a3,A 

a1'4 

0.9115 

0.9129 

Nucleation 

A1.5 

Avrami-Erofeev 

1.5(1  -  tx)[  In  (1  -  a)]1'3 

[  In  (1  -  a)]2'3 

0.9486 

0.9638 

A2 

Avrami-Erofeev 

2(1  -  a)[  In  (1  -  a)]1'2 

[  In  (1  -  a)]1'2 

0.9519 

0.9655 

A3 

Avrami-Erofeev 

3(1  —  a)[  In  (1  —  a)]2/3 

[  In  (1  -  a)]1'3 

0.9577 

0.9685 

A4 

Avrami-Erofeev 

4(1  —  ae)[— In  (1  -  a)]3'4 

[In  (1  -a)]1'4 

0.9624 

0.9712 

Contracting  geometry 

R2  Contracting  cylinder 

2(1  -  a)1'2 

1  -(1  -  a)'12 

0.9110 

0.9271 

R3 

Contracting  sphere 

3(1  -  a)2'3 

1  -(1  -  a)1'3 

0.9250 

0.9443 

Diffusional 

D1 

One-dimensional  diffusion 

1/(2®) 

CC 

0.8585 

0.8632 

D2 

Two-dimensional  diffusion 

[  ln(l -a)]  1 

(1  -  a)ln  (1  —  a)  +  a 

0.8839 

0.8969 

D3 

Three-dimensional  diffusion 

3/2(1  -  a)2,3[l  -  (1  -  a)1'3]-' 

[l-d-a)1'3]2 

0.9186 

0.941 

a  The  r2  for  low  temperature  stage  of  CC  pyrolysis  process. 
b  The  r2  for  high  temperature  stage  of  CC  pyrolysis  process. 
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Table  5 

Pyrolysis  kinetic  parameters  for  thermal  decomposition  of  biomass. 


Plant  residue 

Temperate  range  (°C) 

Mass  loss  (%) 

Mechanism  model 

E  (kj  mol  1) 

E!  (kj  mol  1) 

r2 

CC 

203-325 

57.8 

F2 

158.16 

122.42 

0.9977 

325-457 

33.2 

A4 

60.19 

0.9712 

CS 

210-318 

52.6 

F2 

183.75 

155.13 

0.9935 

318-461 

30.7 

FI 

106.10 

0.9876 

SD 

225-375 

77.9 

F2 

161.87 

161.87 

0.9741 

i.e.,  activation  energy  value  of  low-temperature  stage  was  higher 
than  that  of  high-temperature  stage,  indicating  that  the  heat  trans¬ 
fer  limitations  may  be  the  limiting  step  of  the  low-temperature 
stage  in  the  CC  and  CS  pyrolysis  processes. 

4.  Conclusion 

In  this  study,  the  thermal  and  physicochemical  characteriza¬ 
tions  of  CC  and  its  derived  biochars  were  analyzed  and  differenti¬ 
ated  from  those  of  CS  and  SD.  The  control  factors  on  the  biochar 
yield  is  the  pyrolysis  temperature.  The  H/C  and  O/C  ratios  showed 
that  when  the  pyrolysis  temperature  is  over  500  °C,  the  CC  could  be 
thermochemically  changed  to  stable  biochars.  CC500  had  the  low¬ 
est  pH  compared  to  those  of  SD500  and  CS500.  The  reaction  order 
and  nucleation  mechanisms  describe  the  CC  pyrolysis  reaction 
mechanism  well.  The  CC-derived  samples  had  the  lowest  E  com¬ 
pared  with  those  of  the  CS-  and  SD-derived  samples. 
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